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1. Introduction

Vj (Hg-1201), the first member of the HgBa2Can.,Cu1102ll+2+6 homologous
series, is one of the most attractive compounds for investigating the relationship between
structure and superconducting properties among the Cu-based high-Tc materials for several
reasons. This phase has the simplest structure among the Hg-based Cu mixed oxides which
exhibit superconductivity at high temperatures'". Its Tc can be easily varied over a wide
range - from strongly underdoped to overdoped regions (or even a highly overdoped
nonsuperconducting state) - by different heat treatments. The Hg-1201 phase has only one
type of (CuO2) layer and the dependence of Tc vs. extra oxygen content (8) or the in-plane
Cu-01 bond distance exhibits a parabolic-like behavior. Structural peculiarities that
embarrass the precise structural refinement of other Cu-based superconductors, such as
stacking faults, cation intermixing, large static atomic displacements etc., are practically
absent in the Hg-1201.

Up to now, a large number of x-ray single crystal and neutron powder diffraction
experiments have been performed on Hg-1201/2'&/. In general, there is a good agreement
between the refined structural parameters and their variations caused by changes in the
concentration of the extra oxygen located in the Hg-layer. The in-plane Cu-Ol bond
distance, as well as the Cu-02 apical one, decreases if 8 increases due to the increase in the
carrier concentration in the (CuO^ layer (or the formal copper valence), while the Hg-O2
bond length increases. The average Ba-O2 interlayer distance and Ba-O3 separation
decrease when 8 increases.

There are severe discrepancies, however, among different papers concerning the
occupancies of the Hg and oxygen sites in the HgO6 layer, though these parameters are
extremely important for understanding the doping mechanism in Hg-based
superconductors. For instance, the partial replacement of Hg for Cu, followed by the
insertion of an additional extra oxygen 04 located near the middle of the edge, was found
in^A5', whjie other authors did not find this substitution or the O4 atoms"'7". At the same
time, different occupancies of the oxygen site in the middle of the Hg-mesh, for optimally
doped Hg-1201 samples, were found to range from 0.06"' up to 0.18"'. In our recent
neutron diffraction study of pure HgBajCuCVj samples with stoichiometric cation
compositions and different anion contents, the 8-value for the optimally doped phase was
found to be 0.12(1)*.

It should be noted that, in general, the values of the extra oxygen occupancy refined
from neutron studies were found to differ from those ones determined by iodometric
titration. For instance, the latter technique showed 8=0.08-0.09 for the optimally doped
Hg-1201, assuming the formal valences of the atoms to be VB,=VHg=+2 and Vo= -2"-"".
The probable explanations of this discrepancy might simply be attributed to the presence of
an amorphous Cu-based oxide or metallic Hg in the studied samples, which decreases the
concentration of the oxidizer. However, it could also be due to the more complicated
doping mechanism for the Hg-1201 structure"" compared to the simple ionic model that
assumes a doping of the CuO2 conducting layer by two holes per one inserted extra oxygen
atom.



To verify the different hypotheses, we decided to exchange the extra oxygen in the
Hg-1201 structure with extra fluorine atoms. Oxygen and fluorine anions have close
crystallochemical behaviors, while their formal charges differ significantly: -2 and - 1 ,
respectively. Therefore, assuming a simple charge transfer model, we would expect the
extra fluorine concentration to be twice as high for the fluorinated phase for the same
doping level.

It was also considered to be interesting to determine the dependence of Tc and
structural parameters vs. extra fluorine content. The optimal superconducting transition
temperature in the Hg-based family is very sensitive to variation of the in-plane Cu-Ol
bond distances from the first member to the third, as was shown in/12/. We assumed that the
exchange of the extra oxygen by fluorine in the phases with the same doping level might
cause a variation in the Cu-O distances. The larger amount of fluorine in comparison with
oxygen could result in an alteration of the neighboring Ba-F and Hg-O2 bond distances
and, finally, of the Cu-0 ones.

Earlier, we successfully used XeF2 as a fluorinating agent for the synthesis of the
superconducting oxyfluorides Sr2Cu(O,F)4t6 and YBajCujOjF/13'14'. In the present work, we
showed that different amounts of fluorine could be successfully inserted into the reduced
Hg-1201 phase. This was followed by a variation of Tc over a wide range, based on
whether the sample was in the optimally doped state or in the highly overdoped,
nonsuperconducting one. We also determined the dependence of Tc vs. fluorine
concentration and performed a structural study of the Hg-1201 phases with different
fluorine contents.

2.Experimental

Single-phase samples of HgBajCuO,,.^ were synthesized from a mixture of Ba2CuO3+s

and HgO according to the procedure described in/l5/. The synthesis was carried out at
800°C for 12 hrs. in evacuated sealed silica tubes placed in a three-temperature gradient
furnace under controlled mercury and oxygen partial pressures. The fixed oxygen partial
pressure of 0.43 bar was created by a mixture of Co304/Co0 and the mercury partial
pressure of 4.8 bar was achieved by using a Ba^uOj+j/HgBa^uO,,^ mixture. After
annealing, the sample was slowly cooled to 650°C with a cooling rate of 1.5°C/min and
then quenched in water. The as-prepared samples were heated at 330°C for 18 hrs. in a
dynamic vacuum under 10~2 torr pressure to reduce the HgBa2CuO4Hi. Thus prepared, the
reduced Hg-1201 sample was monophase and exhibited superconductivity with Tc=61 K.
The values of the lattice constants of the Hg-1201 phase were found to be a=3.8915(5),
c=9.529(2) A. The 8-value determined by iodometric titration was equal to 0.01(1).

Fluorination of the reduced Hg-1201 sample was carried out using XeF2 as the
fluorinating agent. All operations were made in a glove box in a dried N2 atmosphere
excluding the presence of O2. The 0.4 g of Hg-1201 was mixed with XeF2 in molar ratios
from 1:0.1 to 1:1 and ground together in an agate mortar. Syntheses were carried out in Ni-
crucibles placed in N2-filled and sealed copper tubes. The times and temperatures of
annealing varied from 15 to 50 hrs. and from 150°C to 200°C.

Phase compositions and lattice parameters of the compounds were determined by x-
ray powder diffraction using a FR-552 focusing Guinier-camera (CuKal-radiation,
germanium internal standard). Raw x-ray data for the crystal structure determination were



collected using a STADI/P diffractometer (CuKa,-radiation, curved Ge monochromator,
transmission mode, scintillation counter, step 0.02° (29), time per step 40 s, 6°<28<100°).

The x-ray powder structure refinement was carried out using the RIETAN-97
program. The Rietveld method with a modified pseudo-Voight profile function was used
for the refinement. Since absorption leads to a remarkable distortion of the experimental
intensities, the absorption factor was included in the final refinement.

The neutron diffraction experiment was performed with the high-resolution Fourier
diffractometer (HRFD) at the IBR-2 pulsed reactor in Dubna. A cylindrical, 5-mm diam,
Ti-Zr can without coherent scattering was used to hold the Hg-1201 powder (nv«l g). The
diffraction patterns were measured at room temperature. The lattice parameter calibration
was performed using the AI2O3 NIST standard SRM-676. Data processing was carried out
by the Rietveld method with the MRIA program"*' on the dhu interval from 0.79 to 2.12 A.
For the coherent scattering length, we used 12.69, 5.07, 7.718, 5.803, and 5.654 fm (1
fm=10~" cm) for Hg, Ba, Cu, O, and F, respectively. The absorption correction was
calculated using the tabulated absorption and incoherent scattering cross sections.

The AC susceptibility measurements were performed in the temperature range 12-
100 K at an external field amplitude of 1 Oe and a frequency of 27 Hz.

The conditions of the treatments, lattice constants, and the superconducting
properties of the initial and six fluorinated samples are summarized in Table 1.

Table 1. Fluorination conditions, Tc values, and lattice parameters for
HgBa2Cu04F6.

N
1
2
3
4
5
6
7

Synthesis conditions
initial reduced Hg-1201
O.lXeFj, 150°C, 15 h
0.3XeF2, 200°C, 15 h
0.5XeF2, 200°C, 15 h
0.4XeF2, 200°C, 20 h
0.3XeF2,200°C, 30 h

lXeF2,200°C, 50 h

T,OT«,/TC,K
61/61
97/97
97/97
96/96
90/80
88/80
7 8 / -

a,k
3.8915(5)
3.8828(4)
3.8825(3)
3.8788(5)
3.8742(4)
3.8721(5)
3.8679(7)

c,A
9.529(2)
9.523(1)
9.510(1)
9.498(1)
9.493(2)
9.482(2)
9.459(2)

3. Results

The x-ray diffraction patterns of samples #2—4 and #6 contain only the reflections of
the Hg-1201 phase. Traces of BaCuO2 (less than 2% of the intensity of the strongest peak
in comparison with the main phase) were detected only in sample #5. Despite of the
absence of additional reflections in the x-ray diffraction pattern, some amount of yellow-
brown amorphous admixture was visually detected in sample #7.

An increase in the amount of XeF2 in the reacting mixture or increasing the time of
fluorination resulted in a subsequent decrease in both the a and c lattice parameters. Since
the decrease in the a parameter (which is equal to the doubled in-plane Cu-Ol bond
distance) occurs due to the increase in the Cu formal valence and, consequently, the value
of 8 in the HgBa2CuO4F5 samples, one can conclude that the fluorine content successively
increases from sample #2 to sample #7.



The probable side reaction during a fluorination may be a partial replacement of the
other oxygen atoms (namely, Ol and O2) by fluorine ones. In this case the released oxygen
should be adsorbed by an internal surface of copper tubes producing Cu2O. However, we
have never detected any traces of this oxide after heat treatments. Moreover, the variations
of Cu-O bond lengths vs. extra anion content (see below) give us an indirect argument that
the fluorine is located only in the Hg plane.

All fluorinated samples exhibited a bulk superconductivity with relatively high
diamagnetic volume fractions, except sample #7. The temperature dependencies of the AC
magnetic susceptibility for samples #1-7 are shown in Fig.I. Sample #7 demonstrated a
very small superconducting volume fraction that corresponds to a value not higher than 3%
of the perfect diamagnetism. Taking this fact into account, we concluded that this sample is
actually the highly overdoped, nonsuperconducting one.
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Fig. 1. AC magnetic susceptibility for samples #1-7 as a Junction of temperature.

Samples #2 and #3 exhibited the highest Tc=97 K, which is exactly the same as for
the optimally oxygenated Hg-1201 samples and the transitions were sharp and well
defined. Samples #4-6 exhibited broad superconducting transitions, probably due to an
inhomogeneous distribution of the fluorine as a result of low fluorination temperatures and
short annealing times. This problem made it difficult to determine the exact value of Tc.
The Tconsa values can be estimated as 96, 90, and 88 K for samples #4, #5, and #6,
respectively. Taking into account these values, we can conclude that for samples #2-7,
Tc msa decreases concomitantly with the decrease in the a-parameter and, consequently, the
increase in fluorine content due to overdoping.

One can assume that the Tc/)nsH values for samples #5 and #6 (90 and 88 K) cannot be
used as the characteristic transition temperatures due to the very weak diamagnetic signals



on their x(T) curves down to 80 K. Therefore, we believe that the more realistic transition
temperatures for these samples were not higher than 80 K.

The structure refinement was performed for the optimally doped sample #3 and for
the overdoped sample #5 using the neutron powder diffraction data. The initial parameters
for the refinement carried out in the P4/mmm space group were chosen as those obtained
for the oxygenated Hg-1201 samples"'. To avoid a correlation between occupation and
thermal factors, the refinements were carried out with fixed thermal parameters for the Ba,
Cu, O, and F atoms. These values were chosen at a reasonable level according to our
previous neutron diffraction study of oxygenated Hg-1201.

The refinement of the isotropic temperature factor for Hg atoms, assuming full
occupancy of this site, resulted in B(Hg) values close to 1 A2 for both samples. The
refinement of the occupancy of the mercury position with B(Hg)=l A2 gave the value
n(Hg)=0.99(l), which corresponds to the stoichiometric cation composition of the studied
samples. The high dw resolution of the diffraction patterns helped us calculate the
scattering density maps for some planes of the unit cell. The difference scattering density
map for the basal plane is shown in Fig.2. This map revealed an extra anion only in the
middle of the mesh (1/2,1/2,0). The amplitude of its peak is more than 3 times higher than
the most intensive background maxima; no anion near the middle of the edge was found.
Therefore, we can conclude that the fluorinated Hg-1201 samples have a stoichiometric
cation composition with only one site for the oxidizing extra anion.

Fig.2. The scattering-density map for the
basal plane of sample #5 calculated with the
difference of the experimental and calculated

structure factors (Fexr>t — Fcalc)- The
fluorine atom wax excluded from the
calculation ofFcaic.

The content of the residual extra oxygen in the initial reduced Hg-1201 sample
(Tc=61 K) was small (about 0.01(1) from iodometric data). It should also be mentioned that
a 8-value equal to 0.057(10) was found by our neutron diffraction study of the reduced Hg-
1201 phase with a higher Tc=71 K*. Therefore, we can conclude that the extra oxygen
content of the initial reduced phase used in the present study was definitely not higher than
0.05. Since this value is close to the standard deviation of the occupancy parameter of the
extra anion site, one can conclude that the anion site in the Hg-laycr is occupied
predominantly by fluorine atoms. Moreover, the neutron coherent scattering lengths of
oxygen and fluorine atoms are very close, which is why only fluorine atoms were placed in
the (1/2,1/2,0) position.

The occupancy of the fluorine position was refined with a fixed thermal parameter of
1 A2. The values of n(F)=0.24(2) and n(F)=0.32(2) were obtained for samples #3 and #5,



respectively. The refinement with fixed B(F), which varied between 0.5 and 1.5 A2, led to
changes in n(F) well inside the standard deviation limit. The variation of B(O2) (other
parameters do not correlate well with n(F)) also does not have a strong influence on the
fluorine occupancies: it changes from 0.26(2) to 0.23(2) for sample #3 and from 0.35(2) to
0.31(2) for sample #5 if B(O2) is equal to 1.0 A or 2.0 A, respectively. Thus, the n(F)
values are significantly larger than the values of 0.124(9) and 0.19(1) obtained for the
oxygenated Hg-1201 samples with close Tc values.

The results of this refinement are presented in Table II, together with the relevant
bond distances. The experimental, calculated, and difference neutron diffraction patterns
for sample #3 are shown in Fig.3.

Hg/F-1201
n(F)=0.24

0.8 1.0

Fig.3. Neutron-diffraction pattern of HgBa2CuO4F024 (sample #3) measured at room
temperature. Experimental points, calculated profile, and difference curve are shown. The
difference curve is normalized on the mean-square deviation.

The crystal structure of the Hg-1201 phase (sample #4) was refined from the x-ray
powder data. The accuracy of the determination of the z coordinate for the apical oxygen
atom O2 and the occupancy of the fluorine position from this data is significantly lower in
comparison with the neutron diffraction data, but one can obtain reliable parameters for the
heavy cations. The refinement of the temperature factors was carried out independently in
an isotropic approximation for the Hg, Ba and Cu atoms, while the anions were refined
with a common temperature factor. The temperature factor for the Hg atoms was found to
be quite large - 1.49(7) A2. The refinement of the occupancy of this site (with fixed
B(Hg)=l k1) did not reveal any noticeable Hg-deficiency - n(Hg)=0.990(5) - and
subsequent refinements were carried out with a fixed unit occupancy of the mercury
position. The fluorine content was roughly estimated from the x-ray powder refinement to
be 0.3 at fixed B(F)=1 A2. These results are also presented in Table II. A comparison of the



results obtained by x-ray and neutron diffraction for samples #3-5 shows a good agreement
between them, including the coordinates, and, consequently, the variation of the relevant
bond distances.

Table 2. Structural parameters and relevant interatomic distances for HgBa2Cu(X,F5

phases refined from neutron (samples U3 and #5) and x-ray powder data (sample #4).
Parameters without errors were fixed in the final refinement. The commonly used criteria
for the quality of the refinement are given: /J, is the R-factor for integrated intensities, RF

RWr and Rt are profile, weighted, and expected from statistics R-factors, respectively (the
Rp-factor has no sense for HRFD data).

a, A
c,k

V,A3

Hg,n
B(Hg), A2

Ba,z
B(Ba), A2

B(Cu), A2

B(O1), A2

O2,z
B(O2), A2

F,n
B(F), A2

Cu-O2, A
Hg-O2, A
Cu-Ol, A
Ba-F,A

Ba-O1,A
Ba-O2, A

Sample #3 (T«=97K)
3.8808(1)
9.5107(4)

143.24
1

1.1(1)
0.2979(4)

0.5
0.5
1.0

0.2109(4)
1.5

0.24(2)
1.0

R,=0.090
XM>.74

R»=0.042
R,=0.091

2.750(4)
2.006(4)
1.9404(1)
2.833(4)
2.731(3)
2.866(2)

Sample #4 (Tc=96 K)
3.87628(5)
9.4939(4)

142.65
1

1.49(7)
0.2955(1)

0.66(6)
0.4(1)
0.9(3)

0.210(1)
0.9(3)

0.3
0.9(3)

R,=0.026
R,=0.050
R.=0.064
R«=<>.050

2.75(1)
1.99(1)

1.9381(1)
2.805(1)

2.7433(7)
2.859(3)

Sample #5 (Tc=80 K)
3.8734(1)
9.4895(5)

142.37
1

1.4(1)
0.2939(4)

0.5
0.5
1.0

0.2119(4)
1.5

0.32(2)
1.0

R,=0.10
x2=iio

1^=0.050
1^=0.092

2.734(4)
2.011(4)
1.9367(1)
2.789(5)
2.752(3)
2.847(2)

4. Discussion

Fluorination of the reduced Hg-1201 phase with TC-6I K significantly changes the
superconducting transition temperature and structure parameters of this compound. The
fluorination results in a successive decrease in the lattice parameters, while the Tc first
increases up to 97 K, but, at larger concentrations of the inserted fluorine, decreases and



then even suppresses the superconductivity due to overdoping. This behavior, as well as
the optimal Tc values, is very close to that of the oxygenated Hg-1201 superconductor.
However, in the latter case, the nonsuperconducting overdoped state was obtained only by
high pressure, high temperature synthesis"7', while fluorination allows one to obtain
overdoped samples using conventional encapsulation synthesis at low temperature. This
difference is due to the distinct oxidizing activities of oxygen and XeF2. The latter can be
successfully used for oxidation of Cu-based materials, especially in overdoped regions.

Our previous investigation of oxygenated Hg-1201 phases and our present research
of fluorinated materials were carried out using Hg-1201 samples prepared by the same
synthesis technique and characterized by the same NPD facility. A comparison of these
results shows their similarity, including the structural arrangement of the HgO6 layers: a
stoichiometric mercury content with only one interstitial anion position in the middle of the
mesh. However, the refined values of the occupancy factor of the extra anion position for
the samples with similar Tc (97 K for the optimally doped samples and about 80 K for the
overdoped ones) were found to be approximately two times larger for the fluorinated
samples than for the oxygenated ones: 0.24(2), 0.32(2) and 0.12(1), 0.19(1), respectively.
The presence of residual oxygen in the fluorinated samples (8o<0.05), which cannot be
distinguished by neutron diffraction from the fluorine atoms, cannot significantly change
the refined occupancies.

Figure 4 shows the dependence of the Tc values vs. extra oxygen or fluorine
concentration. For the fluorinated series, we also used the initial non-fluorinated sample as
the first point. It can obviously be seen that in both cases, there are parabolic-shaped curves
that are shifted away from each other along the 8 axis. One can conclude that fluorine
indeed oxidizes (like oxygen) the (CuO2) layers in the Hg-1201 structure, followed by a
change in Tc, but the amount of inserted fluorine is approximately twice that of oxygen to
achieve the same Tc-values and, consequently, the same doping level. Taking into account
the different formal valences of these anions (-1 and -2 , respectively), we conclude that
inserted extra oxygen creates the twice as many holes as fluorine. This fact supports the
simple ionic model of Hg-1201 doping". 2 holes per inserted oxygen and 1 hole per inserted
fluorine.

Fig.4. The behavior of Tc vs. extra
oxygen or fluorine concentration. The
lines are drawn for convenience.

The amount of inserted fluorine,
however, was found to be significantly
larger than could be expected for the
optimally doped phase, assuming an
optimal formal copper valence equal to
+2.15 - +2.18 (5f should be equal to
0.15-0.18 instead of 0.24 if VB, = VHg =
+2, Vo = -2 and VF = -1). This
discrepancy should be even mor:

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40

Extra oxygen / fluorine content



pronounced if we take into consideration the residual oxygen atoms. For a more accurate
calculation of the total hole number, p, one can use the relation p=n+no, where n is the total
occupancy of the (1/2,1/2,0) position obtained in the refinement, and UQ is the extra oxygen
content in the initially reduced sample (no»0.01-0.02). Therefore, we can conclude that the
doping mechanism in the Hg-1201 superconductor is more complex than a simple
oxidation of the (CuO2) layers by an inserted fluorine or oxygen. They can oxidize not only
the (CuO2) layers, but, also, possibly, the HgO2 "dumbbell" as well. The carrier
concentration in the conducting band is a result of the delicate charge balance among these
fragments.

Earlier, the existence of an unusual oxidation state +3 was proposed for the Hg-
cations in the Hg-1201 structure based on x-ray photoelectron spectroscopy data"", while
another group did not find any evidence of this oxidation state for Hg in the mixed Bi, Hg
cuprates"". These controversial observations, as well as the discrepancies with the
iodometric analyses (which determines the total oxidizer concentration in the sample, but
not in a single phase), require that this problem be investigated further.

Another important conclusion can be made if we plot the dependence of Tc vs. the a-
parameter (the doubled in-plane Cu-Ol bond length) for the oxygenated and fluorinated
samples (Fig.5). For this graph, the values of the a-parameter were taken only from the x-
ray data that was treated in a similar way to exclude possible systematic errors. All data
points can be fitted by one parabolic-like function with a maximum around 97 K at a =
3.882 A.

It is well known that the in-plane Cu-Ol distance depends on the formal Cu valence.
An increase in the latter leads to a shortening of this distance. One cau speculate that the
samples with close values of both Tc and the a-parameter also have close formal copper
valences. This is in a good agreement with the different concentrations if extra oxygen and
fluorine (OV^SQ) found by NPD, taking into account their different foir.Lal charges.
Therefore, the exchange of an extra oxygen by the twice amount of fluorine in Jie Hg- i 201
structure does not change the in-plane Cu-Ol bond length or, obviously, the formal Cu
valence for the optimally doped samples, which exhibit the same Tc values. This fact
supports the conclusion that this distance and the carrier concentration (Vc j are crucial
parameters determining the magnitude of Tc.

110

0 80 -

70-

60

O-oxygpn :
-fluorine:

Fig.5. The behavior of Tc vs. the a-
parameter of the unit cell for the oxygenated
and fluorinated samples.

Variation of the apical Cu-O2 bond
distance caused by the extra anion exchange
when 8^280, however, is well-pronounced

50 I ! • • • • ! 1 in contrast to the in-plane ones. The increase
3.870 3.875 3.880 3.885 3.890 3.895 m the formal Cu valence by the

"•^ incorporation of either extra oxygen or
fluorine into the Hg-1201 structure causes a

compression of all distances in the CuO6 octahedron. The in-plane Cu-Ol Jistai.cc depends



on a hole concentration equal 28 for the extra oxygen and 8 for fluorine. The variation of
the apical Cu-02 distance does not appear to depend on the formal valence of the extra
anion, but, instead, it is determined by the total concentration of the extra anion in the Hg-
layer. Figure 6 (left) shows practically a linear dependence of the apical Cu-O2 distance vs.
8 (oxygen or fluorine). An increase in the amount of the extra anion in the Hg-layer results
in a compression of the apical Cu-02 distance. These distances differ significantly between
the fluorinated and oxygenated Hg-1201 phases with close Tc and in-plane Cu-Ol bond
lengths. For instance, the difference between these distances in the phases with Tc=97 K is
about 0.04 A, which is much larger than the standard deviation and the difference between
the c-parameters.

The origin of this unusual phenomenon may be explained if we also take into account
the variation of the apica! Hg-O2 bond distance. This bond length in the fluorinated Hg-
1201 phases is significantly larger in comparison with that in the oxygenated compounds
(Fig.6, right), where this distance varies from 1.963 A (5=0.057) up to 1.990 A (8=0.19)
due to the shift of the 02 atoms towards the more oxidized Cu cations.

0.00 0.05 0 10 0 15 0.20 0.25 0 30 0.35 0 40
Extra oxygen/fluorine content

0.00 0.05 0.10 0.15 0.20 0.25 030 0 35 040
Extra oxygen/fluorine content

Fig. 6. Bond distances Cu-O2 (left) and Hg-O2 (right) as a function of extra oxygen or
fluorine content. Lines through points are guides to the eye.

It is known that the apical Hg-O2 bond is a very strong covalent bond and even
under high pressure, this distance does not decrease significantly: 1.980(4) A and
1.973(19) A at ambient conditions and under 5.07 GPa, respectively'20'. Therefore, the more
probable origin of the elongation of the Hg-O2 distance is not only a variation of the
formal Cu valence, but also the interaction between Hg and the extra anions (even located
far from the Hg atom). An increase in the coordination number of Hg by the inserted extra
anions is accompanied by a shift of the 02 atoms away from the Hg cations towards the Cu
atoms, thus elongating the Hg-O2 distance and shortening the Cu-O2 one. We can
conclude that the exchange of extra oxygen for double the amount of fluorine causes a
variation of the apical Cu-02 distances, predominantly, while the in-plane distance and Tc

remain the same. This transformation can be formally considered as anisotropic
compression (along the c axis) of the CuO6 octahedron.

Our observation that the apical distances in Hg-1201 depend smoothly on the number
of anions in the Hg-plane rather than on their charge can provide a new explanation of the
well-known fact that the Tc of Hg-bearing superconductors increases significantly under
high pressure, as it was found in Refs./21J2/. A number of studies have found that the Cu-O2

10



distance is very sensitive to external pressure'2023'24' and its drastic compression may be
responsible for the Tc variation. The compressibility of the Cu-0 bonds in the oxygenated
Hg-1201 structure, studied under high pressure up to 5.07 GPa, was found to be equal to
3.310s GPa1 and 7.610"3 GPa1 for the in-plane Cu-01 and apical Cu-02 bonds,
respectively'20'. Compression of the apical Cu-02 bonds in the fluorinated Hg-1201 phases
can be considered to be equivalent to an application of approximately 2 GPa of uniaxial
pressure along the c axis. The Tc of the optimally doped Hg-1201 phase was found to be
enhanced under high pressure with dT/dP * 2 KJGPa!2". However, our study showed no
difference in Tc for the fluorinated or oxygenated optimally-doped Hg-1201 compounds.

The uniaxial pressure experiments performed on a crystal of YBa2Cu307 also showed
no variation of Tc when pressure was applied along the c axis to provide for compression of
the apical Cu-02 bond distances'2". These results agree with our observations and support
the conclusion that compression of the in-plane Cu-Ol distances is the most probable
origin of an enhancement of Tc under pressure in the Hg-based superconducting Cu mixed
oxides.

5. Conclusions

A successful fluorination of the reduced Hg-1201 phase with Tc=61 K was carried
out with XeF2. It led to a wide range of superconducting compositions directly connected
with the different fluorine content in the basal plane of the structure. This fact was proved
by neutron diffraction data which showed the inserted fluorine atoms only in the middle of
the mesh (1/2,1/2,0). The maximum Tc values for oxygenated and fluorinated Hg-1201
samples are exactly the same, ~97 K, while the amount of an inserted fluorine is twice that
of oxygen, 0.24 and 0.12, respectively (we use the last number according to our recently
published data*). It supports an ionic model of the hole doping in Hg-1201 by an inserted
extra anions in the Hg layer: the hole number, p, is equal to 28 for oxygen and to 18 for
fluorine, if 8 is the number of extra anions in the Hg-plane.

That model is presently under discussion, especially after papers'2" and"', where the
relation p»8 was deduced for oxygenated Hg-1201 samples on the basis of TEP and TGA
measurements, NPD experiment, and bond valence sum (BVS) calculations. In a recent
paper'2", however, it was pointed out that BVS rules are meaningless for a system with
considerable numbers of defects and disorder, such as doped superconductors. It seems,
also, that the new data reported in Ref.'2" can explain the considerable difference between
TGA and NPD data on the amount of excess oxygen in Hg-1201 samples, though the
authors of that paper also wrote about the reduced doping efficiency of oxygen in Hg-1201.
Our data show also that the amount of an inserted extra oxygen (8=0.12) or fluorine
(8=0.24) for the optimally doped Hg-1201 is larger than those values calculated from the
simple ionic model when VBa=V,,e= +2, Vo= -2 and VF= -1 and assuming an optimal VCu a
+2.16. Therefore one can speculate that the created holes in the Hg-1201 structure can be
distributed between the conducting (CuO2) layers and the other structural units like the
HgO2 "dumbbell". However, this hypothesis can not explain the discrepancy between NPD
and iodometric analysis, and this problem should be investigated further.

Another important conclusion which can be deduced from the presented data is that
the apical distance Cu-02, as well as interlayer Ba-O2 distance, depends strongly on the



number of the dopant atoms rather than on their charge. This is confirmed by the smooth
dependence of these distances on 6 (oxygen or fluorine).

Finally, we want to stress once more that our results provide new arguments for the
importance of the in-plane Cu-Ol distance for the superconducting properties of Hg-1201.
It is considered that the apical bond is the parameter responsible for the charge balance
between the reservoir and the conducting plane. But our observations, together with high
pressure results, show that the structural nature of Tc variation in Hg-1201 can.be mainly
due to the compression of the in-plane Cu-O bond distances.
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A6aicyM0BAM Map " El4-97-234
CTpyKTypw H CBepxnpOBOiWWHX CBOWCTB

Hg-1201 (pashi

HcxoaHaa Hg-1201 (pa3a c TeMnepaTypoH CBCpxnpoBoaswero nepexoaa T( = 6 1 K 6una ycneuiHO

tpTopHpoBaiia c noMouiMO XeF2 3TO npHBcno CHawana K yBcriMMeHHK) Tc ao 91 K, a 3aTCM K *ee

VMciiKineHHKi c nooieiiyiouiHM noaaBjicHHcM CBepxnpo»oflsmnx CBOHCTB, npH yacjiMMCHHH coiiepxaHHX

(propa B o6pa3ut- HefiTpoHorpadpHHecKHH aHanH3 BunojiHeHHbiH Ha HByx cocraBax HgBajCuO^F{,

noiiTBepiiiui BHeupeHHe cpTopa B 3ap«jloBUfi pe3epByap (Hg-rurocKocTb) H nOKasan yaBOCHHOc coziepxaHHe
cpTopa B CTpyKType (S=<0,24 H 0,32) no cpaBHeHHK) c KHcnopoAHhfMH Hg-1201 tpajaMH, HMCKJIUHMH
6JIH3KHC 3naMeHM» T (8 = 0,12 H 0,19) 3TOT cpaKT sBjweToi apryMeHTOM B nonb3y HOHHOH MOJICJIH
o6pa3OBaHHa HOCHTCJICH 3/ieKTpHiecKoro 3apxua (uupoK) B Hg-1201 npH jiormpoaaHHM 3aMena
CBepxcTexHOMCTpHMecKoro KHcnopoiia Ha yaBoeHHoe KO/iHwecTBO (frropa noKasana Ta**e, MTO a/iHKanb-
Hoe paccToaHHe Cu-O MBHCMT OT ino ia aKHOHOB B 6a3HCHOM n̂ ocKOCTM crpyKTypu, a He OT HX 3apaita
Hao6opoT, Cu—O paccTOHHHSi B onocKocrvi CuO2, rax >ice KJIK 7"f, onpefle^(noTC« lapuuoBbiM COCTOSHHCM

CHCTCMbl 3TO npHBOiWT K aHH3OTpOnHOMy CXaTHK) CTpyKTypbl Hg-1201, MTO MOXCT 6tlTb npHIHHOH
7" nou BO3iieflciBncM BHeaincro BbicoKOro jaaneHHS

Pa6oTa iihinoJincna B Jla6opaTOpMH HeMTpoHHoii (pH3HKM HM H M Opanxa OH3H

Coo6weHne O&beuHHeHHoro HHCTHTyTa smcpHux MCOieuoBaHHii By6»3, 1997

Abakumov A M et al . E14-97-234
Effect of Fluonnation on the Structure and Superconducting Properties
of the Hg-1201 Phase

A fluonnation of the reduced Hg-1201 phase with Tf = 61 K earned out with XeF2 resulted first

in an increase in T up to 97 K and then in a decrease and even a suppression of superconductivity due

to overdoping Neutron power refinement performed on fluonnated HgBa^CuOjFj samples showed twice

the amount of extra fluorine (8 = 0 24 and 0 32) in companson with those for the oxygenated Hg-1201

phases with close Tc (8 = 0 l2and0 19) This supports the ionic model of the hole doping in the Hg-1201

2 holes per extra oxygen and 1 hole per extra fluorine -The Exchange of extra oxygen for a double
amount of fluorine extends the shortening of the apical Cu-0 bond distances, while the in-plane distances,
a.s well a.s T , do not vary These results show that the btructural nature of T variation in Hg-1201 under
high pressure can be mainly due to the compression of the in-plane Cu-0 bond dustanccs

The investigation has been performed at the Frank Laboratory of Neutron Physics, JINR

Communication of the Joint Institute for Nuclear Research Dubna, 1997
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